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A twin position-sensitive Frisch grid ionization chamber, intended as a ﬁssion fragment detector in ex-
periments to study prompt ﬁssion neutron correlations with ﬁssion fragment properties, is presented.
Fission fragment mass and energies are determined by means of the double kinetic energy technique,
based on conservation of mass and linear momentum. The position sensitivity is achieved by replacing
each anode plate in the standard twin ionization chamber by a wire plane and a strip anode, both
readout by means of resistive charge division. This provides information about the ﬁssion axis orienta-
tion, which is necessary to reconstruct the neutron emission process in the fully accelerated fragment
rest-frame. The energy resolution compared to the standard twin ionization chamber is found not to be
affected by the modiﬁcation. The angular resolution of the detector relative to an arbitrarily oriented axis
is better than 7° FWHM. Results on prompt ﬁssion neutron angular distributions in 235U(n,f) obtained
with the detector in combination with an array of neutron scintillation detectors is presented as a proof
of principle.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
An experimental program at the Joint Research Centre—In-
stitute for Reference Materials and Measurements (JRC–IRMM)
aims at studying the correlation between neutrons and ﬁssion
fragments from resonance neutron induced ﬁssion. The experi-
ments employ an array (SCINTIA) of scintillators as neutron de-
tectors. For reconstruction of the kinematics of a ﬁssion event and
the subsequent neutron emission it is mandatory to know the
relative orientation of the neutron and fragment momentum di-
rections. In a pioneering experiment on prompt ﬁssion neutrons
(PFNs) and ﬁssion fragment correlations in 252Cf(sf), Budtz-
Jørgensen and Knitter exploited the combination of a twin Frisch
grid ionization chamber (FGIC) and a liquid scintillator placed
along its axis [1]. As a preparatory step to the aforementioned
experimental program this experiment was repeated recently
using modern digital technique and reﬁned data analysis [2]. The
FGIC has a large solid angle, which not only facilitates the frag-
ment neutron coincident rate, but also introduces a less biased
selection of coincident events. The FGIC allows determination of
the ﬁssion fragment emission angle relative to the chamber axis.
By placing the neutron detector along the chamber axis this angle
coincides with the angle relative to the momentum direction ofB.V. This is an open access article uthe detected neutrons. Hence, the projection of the neutron mo-
mentum on the fragments direction of travel is known, and the
relevant kinematics in the ﬁssion fragment rest frame can be re-
constructed. Employing an array of neutron detectors, each de-
tector forms an axis of symmetry around which the ﬁssion frag-
ment direction of travel needs to be known. Hence the traditional
ionization chamber is no longer sufﬁcient to reconstruct the ki-
nematics in the fragment rest frame. Therefore we have replaced
the ionization chambers anode plates by a position-sensitive
readout structure, which allows determination of all three space
components of the ﬁssion fragments' direction of travel.2. Description of the detector
As already mentioned the position-sensitive structure replaces
the anode plates in a standard twin FGIC. The ionization chamber
itself has been described in detail in earlier publications [3]. For
operation as a ﬁssion fragment detector the ionization chamber is
assembled in a back to back conﬁguration with a common cathode
as shown schematically in Fig. 1, where the relevant distances are
also given. The Frisch grid is a 0.035 mm diameter wire mesh with
a period of 0.5 mm. The chamber is operated with P-10 gas (90%
Ar þ10% CH4) at a pressure of 108.5 kPa under constant ﬂow of
∼80 ml/min.
The ﬁssion target is a thin deposit on a backing transparent tonder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Schematic view of the ionization chamber assembly. The distances between
the electrodes are D¼31 mm and d¼4 mm. The red arrows represent the ioniza-
tion tracks left by the ﬁssion fragments in the counting gas. (For interpretation of
the references to color in this ﬁgure caption, the reader is referred to the web
version of this paper.)
Fig. 2. Drawing of the position sensing wire plane. Tungsten wires of 0.025 mm
radius soldered 2 mm apart from each other cover the central 100 mm100 mm
quadratic cut out. A chain of resistors (not shown) connect the wires from left to
right. The scale is given in millimeters.
1 The pre-ampliﬁer model is IKDA CSTA2HV.
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cathode so that each fragment from a binary ﬁssion event can be
detected simultaneously in the two chamber sides. For the pur-
pose of investigating the response to ﬁssion fragments a 252Cf
sample on a thin (0.25 μm) nickel foil was used, the deposit was a
circular spot with a diameter of 5 mm. All data presented in Sec-
tion 5 originate from this conﬁguration of the ionization chamber,
with the 252Cf sample. The detector has also been applied in an
experiment studying prompt neutron emission correlations with
ﬁssion fragments in resonance neutron induced ﬁssion of 235U. The
data presented in Section 6 originate from this experiment. The
electrode conﬁguration in the 235U(n,f) experiment was the same
as in the measurements of 252Cf(sf) above. The sample was in this
case a circular 7 cm diameter spot of 67.2 μ gU/cm2 UF4 evapo-
rated onto a 27 μg/cm2 polyimide þ 50 μg/cm2 gold backing.
For the purpose of ﬁnding correct setup of voltages and for
testing the position sensing structure with respect to energy re-
solution a mixed nuclide (239Pu, 241Am, 244Cm) alpha-particle ca-
libration source was mounted on the cathode. In this conﬁguration
the cathode to Frisch grid distance D was 5 cm, and the chamber
was operated at a pressure 120 kPa, in order to fully stop the alpha
particles before passing the Frisch grid.
The electric ﬁeld strength between the cathode and the Frisch
grids is chosen according to physical requirements on stable
electron drift velocity and minimum recombination of electrons
and ions in the gas. Taking these requirements into account the
reduced ﬁeld strength between cathode and Frisch grid when
operating the chamber for ﬁssion fragments is chosen to be 4 V/
cm/kPa. The electric ﬁelds between Frisch grid, wire plane and
anode should be of increasing strength in order to minimize col-
lection of electrons on Frisch grid and wire plane. Field strength
ratios sufﬁcient to achieve this were found by following the pro-
cedure outlined in Ref. [4]. A Frisch grid to wire plane ﬁeld
strength 3 times that between cathode and Frisch Grid is sufﬁ-
cient, while between wire plane and anode a ﬁeld strength twice
that between Frisch grid and wire plane is sufﬁcient.
2.1. Description of the position sensing electrodes
The position sensing structure consists of two parts, a plane of
parallel wires and a strip anode. The wire plane is placed 4 mm
above the Frisch grid and the strip anode is placed 4 mm further
above the wire plane, with the strips oriented perpendicular to the
wires. A drawing of the wire plane is shown in Fig. 2. Tungsten
wires of 0.025 mm radius are soldered 2 mm apart to the support
structure. The support structure is a circular printed circuit board
(PCB) of 17.76 cm diameter with a 10 cm10 cm quadratic hole
exposing the wires. Groves in the PCB were machined to formelectrically insulated soldering pads. The soldering pads are con-
nected via 100Ω surface-mount resistors, forming a resistive
charge-divider with 51 resistors in total. The near and far-end of
the charge divider is connected to charge sensitive pre-ampliﬁers.1
The choice of resistances of the charge divider components needs
to balance two effects [5]. The resistances should be small in order
to reduce the importance of phase shifts caused by the resistors
and the capacitance of the electrodes. On the other hand, the
preampliﬁer decoupling capacitance acts as a barrier at low fre-
quency and the charge cannot be transmitted out of the resistor
chain. Instead the charge redistributes over the near and far-end
ampliﬁers with an RC time-constant given by the combination of
the resistor chain and the pre-ampliﬁers decoupling capacitor. This
time constant must be large, compared to the charge collection
time. The maximum charge collection time is the drift time for
electrons from the cathode to the anode, which amounts to
∼600 ns. The pre-ampliﬁers decoupling capacitance is 1 nF, to-
gether with the resistor chain this yields a time constant [5]
τ = = μ ( )
nR
C
2
2.55 s, 1d
where n is the number of resistors, R their individual resistance
and Cd the decoupling capacitance. The strip anode consists of the
same components as the wire plane except the wires themselves
and the 10 cm10 cm quadratic hole.3. Principle of operation
As a charged particle is stopped in the gas it leaves a trace of
electrons and positive ions that drift in the electric ﬁeld. The drift
velocity of the positive ions is small, and they can be considered as
stationary during the time it takes to collect the faster drifting
electrons. The Frisch grid shields the position sensing electrodes
from charge induction caused by charge carriers in the ionization
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Fig. 3. Digital waveforms from the position-sensing electrodes in response to ﬁs-
sion fragments emitted at different angles θ with the chamber axis. The red and
black lines correspond to signals from the near and far-end ampliﬁers, respectively.
The label grids correspond to signals from the wire plane, while the label anodes
correspond to signals from the strip anodes. The ordinate has been normalized to
the total collected charge on the strip anodes. (For interpretation of the references
to color in this ﬁgure caption, the reader is referred to the web version of this
paper.)
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Frisch grid to the anode electrons induce charge on the wires of
the wire plane closest to their drift path. The electrons are then
collected on the individual strips of the anode, the drift time of the
electron is proportional to the distance to where it was ﬁrst cre-
ated. Under the correct voltage conditions no electrons are col-
lected on the wires and the ﬁnal amplitude of the signals from the
wire plane is zero, while the sum of the two anode signals gives
the total amount of charge created by the ionizing particle. The
time evolution of the charge signals can be seen in Fig. 3, which
shows digitized waveforms of the detector signals from one
chamber side for different selected polar angles. The induced and
collected charge on the wire plane and the anode, respectively, are
divided between the near (n) and far (f) end pre-ampliﬁers givingtwo position ﬁgures per chamber side
¯ = −
+
= ¯ = −
+
=
( )
x k
P P
P P
k X y k
A A
A A
k Y, ,
2
x
n f
n f
x y
n f
n f
y
where Pn f, are the integrals of the induced charge signals from the
wire plane pre-ampliﬁers and An f, are the maxima of the collected
charge signals from the anode pre-ampliﬁers, while kx and ky are
calibration constants relating the pulse height ratios X Y, to actual
distances from the center of the readout structure. The third co-
ordinate z¯ is extracted from the average electron drift time t¯ ,
which are related via the electron drift velocity vd by
( )¯ = · ¯ − ¯ ( )z v t t , 3d 0
where t¯0 corresponds to t¯ for events emitted parallel to the target
plane. This quantity can be found by analyzing the distribution of t¯
for events where the ionizing particles have lost a majority of their
energy inside the target [6].
3.1. Readout and raw signal treatment
The outputs of the charge-sensitive pre-ampliﬁers are digitized
at a rate of 400 Msamples/s with 14 bit resolution and stored on
disk for further treatment, the digitizer is triggered from the
cathode signal. Fig. 3 shows typical sets of digitized waveforms
from one side of the ionization chamber in response to 252Cf(sf)
fragments emitted at three different angles θ with the chamber
axis.
In order to ﬁnd the quantities relevant for Eq. (2) the wave-
forms from the wire plane is ﬁrst integrated. Each of the wave-
forms is then passed through a digital signal processing algorithm
simulating a CR-RC4 semi-Gaussian shaping ampliﬁer. The quan-
tities Pn f, and An f, are then found from the maxima of the shaped
waveforms. In order to preserve the position sensitivity the
shaping time for the position signals must be kept shorter than the
charge redistribution time constant τ of Eq. (1). The charge re-
distribution process can be observed in Fig. 3 as the decay of the
two anode signals toward equal amplitude. Best results for the
position ﬁgure were obtained with a shaping time constant of
0.255 μs.
The energy information of the ionizing particle is extracted by
ﬁrst adding the waveforms from the anode pre-ampliﬁers. The
signals from the near and far-end ampliﬁers from an individual
electrode suffers from a low frequency noise anti-correlated in
time. By adding the two waveforms together this noise gets can-
celed, and the energy resolution obtained from the anode sum
signals is improved. A longer time constant (10 μs) for the semi-
Gaussian shaping of the anode sum signal improves the energy
resolution determined for alpha particles.
To extract the average electron drift time the anode sum signal
wave form is shaped using the following equation:
∑= · ( − )( − )
( )=
+
+t Q
q q k k f
1
/ ,
4
n
k k
k n
k k s
max
1 0
0
0
where Qmax is the total collected charge, qk is the kth sample of the
charge signal, k0 is the sample number where the cathode trigger
occurs, and fs is the digitizer sampling frequency. The maximum of
the resulting waveform { }tn gives the average electron drift time t¯ .
Before the maximum of the waveform is found it is shaped with a
CR-RC4 ﬁlter, to improve the signal to noise ratio.4. Energy determination
The detector is intended for studies of ﬁssion fragment
Fig. 4. Energy spectrum of a mixed nuclide (239Pu, 241Am, 244Cm) energy calibra-
tion source obtained with the position-sensitive ionization chamber.
Fig. 6. Illustration of the coordinate system, with its origin at the center of the
target plane. The red point located at ( )x y, , 00 0 marks the position of the ﬁssion
event on the target plane. The two red arrows point in the direction of the two
ﬁssion fragments. The position vectors ( ¯ ¯ ¯ )x y z, ,1 1 1 and ( ¯ ¯ ¯ )x y z, ,2 2 2 correspond to their
respective ionization tracks center of gravity. (For interpretation of the references
to color in this ﬁgure caption, the reader is referred to the web version of this
paper.)
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Fission fragment masses are determined by means of the double
kinetic energy (2E) technique, based on conservation laws of mass
and linear momentum and measurement of the two fragments
energies. It is therefore imperative that the excellent energy re-
solution of the FGIC is not degraded by the position-sensitive
readout. In Fig. 4 the energy calibrated pulse height spectrum in
response to a mixed nuclide (239Pu, 241Am, 244Cm) energy cali-
bration source from the anode sum signal is displayed. The energy
resolution is σ ( ) ∼E E/ 1%, comparable to a twin FGIC for light
charged particle detection [7].
When deriving the ﬁssion fragment masses, we correct for the
evaporation of neutrons from the fragments, but here the neutron
emission limits the obtainable mass resolution to ∼2–3 amu [3].
For the measurement of 252Cf(sf) data from Ref. [2] has been used.
The pulse-height defect of the counting gas is taken into account
in the same way as in Ref. [8]. In Fig. 5 the 252Cf(sf) mass dis-
tribution obtained with the present setup is compared to results
obtained with the standard twin FGIC [9]. Although minor differ-
ences can be observed, speciﬁcally in the region 85–95 amu, the
agreement in shape and peak-to-valley ratio ensures that the en-
ergy resolution for ﬁssion fragments is not degraded by the posi-
tion-sensitive read-out.5. Fission fragment positioning
The two fragments from a ﬁssion event are, due to moment
conservation, emitted co-linearly. Therefore the orientation of theFig. 5. Pre-neutron mass distribution of 252Cf(sf) obtained with the present de-
tector in comparison with results of Hambsch et al. [9] obtained with a standard
twin FGIC.ﬁssion axis can be characterized by two points in space. In the
present detector these two points correspond to the position of
the two ﬁssion fragments ionization tracks center of gravity. The
coordinate system used to describe the ﬁssion axis orientation in
space is illustrated in Fig. 6. The ﬁssion axis orientation can also be
expressed by the polar and azimuthal angles (θ,ϕ) and the origin
of the ﬁssion event on the target plane (x0,y0). The polar angle can
be found in terms of θcos individually for each chamber side from
the ionization electron drift time, using standard calibration pro-
cedures to take the different ranges of ﬁssion fragments into ac-
count. The procedure has been discussed in detail in several earlier
publications, see for example [6,10], only a short summary will be
given here. From Eq. (3) we have
θ = ¯¯ =
( ¯ − ¯ )
¯ ( )
z
r
v t t
r
cos ,
5
d
1,2
1,2
1,2
0 1,2
1,2
where the indices 1,2 refer to the chamber sides and r¯ is the
distance to the center of gravity of the ionization track from its
point of entry into the chamber half
∫ ρ¯ = ( ) ( )r r r dr, 6
R
0
with ρ ( )r the normalized ionization density along the track and R
the particle range. The quantity r¯ is found independently for each
chamber side as a function of the detected ﬁssion fragment energy
from the upper edge at half height of the ¯−z distribution. The value
of θcos for the ﬁssion axis is taken as the average of the value from
each chamber side.
( )θ θ θ= + ( )cos cos cos /2. 71 2
The resolution in this value depends on the sample and backing
thicknesses [6], for the 252Cf sample used here a resolution of 0.05
(FWHM) was found.
The determination of the azimuthal angle is complicated by the
extension of the sample material in the xy-plane. However, using
A. Göök et al. / Nuclear Instruments and Methods in Physics Research A 830 (2016) 366–374370the co-linearity of the ﬁssion fragments the difﬁculty can be
overcome. The differences of the x¯ and ¯−y coordinates from the
two chamber sides are independent of the location of the ﬁssion
event on the target plane, and the azimuthal angle can be found
from
⎡
⎣⎢
⎤
⎦⎥ϕ =
¯ − ¯
¯ − ¯ ( )
y y
x x
arctan .
8
2 1
2 1
The co-linearity of the detected ﬁssion fragments is disturbed by
neutron emission by the fragments giving a physical limit in re-
solving the ﬁssion axis orientation in space. Further limitations are
due to atomic collisions in the counting gas and sample material as
well as the fact that r¯ has a charge dependence. Charge resolution
is only achievable for unambiguous mass identiﬁcation [3] so the
dependence cannot be taken into account.
5.1. Calibration of the coordinates
The z¯-coordinate of the ﬁssion event is calculated using Eq. (3),
where the electron drift velocity was taken from Ref. [11]. The x¯-
and y¯-coordinates derived from Eq. (2) are calibrated relative to
the z¯-coordinate. A slight non-linearity in the x¯- and y¯-co-
ordinates does exist. This non-linearity was found to not dependFig. 7. Histograms of ( − ) (¯ + ¯ )X X r r/2 1 1 2 vs. ( − ) (¯ + ¯ )Y Y r r/2 1 1 2 for the selections in θcos indi
the ¯ ¯−x y, coordinates relative to the ¯−z coordinate. The data is taken from the measuremon the absolute value of ¯ ¯x y, from either chamber side, but only on
the polar angle θ. The reason for the non-linearity is likely con-
nected to the θ-dependence of the charge collection time, which
can be observed in Fig. 3. For fragments directed towards the
position sensing electrodes the charge collection time is longer,
hence the decay towards equal amplitude of the signals from near
and far-end ampliﬁers has larger effect. In order to correct for the
non-linearity and to calibrate x¯ and y¯ relative to z¯ , histograms of
( − ) (¯ + ¯ )X X r r/2 1 1 2 vs. ( − ) (¯ + ¯ )Y Y r r/2 1 1 2 are produced for a number of
selections in θcos . The index refers to the two chamber sides and
r¯1,2 is the quantity deﬁned by Eq. (6). Fig. 7 shows examples of such
histograms for four selections in θcos , the data is taken from the
measurement of 252Cf(sf). To each histogram an ellipse with semi-
axes rx and ry is ﬁtted, the resulting values are then plotted as a
function of cos θ as in Fig. 8. The semi-axes are related to cos θ by
θ
θ
θ
θ
= −
( )
= −
( ) ( )
r
k
r
k
1 cos
cos
,
1 cos
cos
,
9
x
x
y
y
2 2
where θ( )k cosx y, are the polar angle dependent calibration func-
tions. Polynomials of the second order were used for θ( )k cosx y, to
reproduce the data in Fig. 8. By analyzing the width of ellipses like
those in Fig. 7 and correcting for the contribution of the ﬁnite
resolution in θcos the accuracy of the x¯- and y¯-coordinates iscated in the panels. The full black line shows the best ﬁt of ellipses used to calibrate
ent of 252Cf(sf).
θcos
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Fig. 8. Dependence of the ¯ ¯−x y, coordinate calibration on the polar angle θ, as de-
rived from the semi-axes of images like those in Fig. 7. The data is from the
measurements of 252Cf(sf).
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Fig. 9. Accuracy in the coordinates derived from the wire-plane σ x¯ and the strip
anode σ y¯ as a function of θcos . The data is from the measurements of 252Cf(sf).
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shows an increase for large angle θ, this is related to a larger un-
certainty in r¯ due to energy loss and straggling in the target layer.
The reason for the better resolution in the y¯-coordinate as (mm)0x
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Fig. 10. Projection of the distribution of ﬁssion event origins on the x- and y-coordin
homogeneous circular target spot folded with Gaussian resolution functions with width
measurements with the 252Cf source deposited in a circular spot with a diameter of 5 mcompared to the x¯-coordinate is the higher signal-to-noise ratio of
the collected charge signals on the strip anodes as compared to the
induced charge signals on the wire planes.
5.2. Determination of the ﬁssion event origin
The position of the ﬁssion event on the target plane can be
calculated as the coordinate ( )x y, , 00 0 on a straight line connecting
the two points ( ¯ ¯ ¯ )x y z, ,1 1 1 and ( ¯ ¯ ¯ )x x z, ,2 2 2
= ¯ + ¯¯ − ¯
·( ¯ − ¯ ) ( )x x
z
z z
x x ,
100 1
1
1 2
2 1
= ¯ + ¯¯ − ¯
·( ¯ − ¯ ) ( )y y
z
z z
y y .
110 1
1
1 2
2 1
The distribution of ﬁssion event origins projected onto the x0 and
y0 coordinate axes determined using Eqs. (10) and (11) for the 252Cf
sample is displayed in Fig. 10. The lines in Fig. 10 represent the
expected distribution of events from a homogeneous circular
sample spot folded with a Gaussian resolution function. From the
best ﬁt the accuracy in the x0 and y0 coordinates was determined
to be σ = 0.8x0 mm and σ = 0.3 mmy0 , respectively. The difference
in accuracy is related to the difference in resolution in x¯ and y¯
coordinates discussed in Section 5.1.
5.3. Recalculation of the polar angle
Once the x¯- and ¯−y coordinates are properly calibrated they also
provide a measure of the polar angle by the relation
θ =
(¯ − ¯ ) + ( ¯ − ¯ )
¯ + ¯ ( )
x x y y
r r
sin .
12
2 1
2
2 1
2
1 2
For small angles this provides a more accurate measure of θ than
does the value derived from the drift time. Therefore the ﬁnal
value for the ﬁssion axis is calculated as the weighted average of
the values derived from Eqs. (7) and (12)
θ θ σ θ σ
σ σ
= +
+ ( )
,
13
a b b a
a b
where θa represents the result of Eq. (7) and θb the result of Eq.
(12), while σa b, denotes their respective uncertainties, calculated (mm)
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ate axes. The solid line represents the best ﬁt of the distribution expected for a
s s given at the top of each panel, see Section 5.2 for details. The data is from the
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Fig. 11. Correlation between the values of the polar angle extracted from the drift
time θa and from the position readout θb. The dashed line is drawn to guide the eye
and indicates the diagonal θ θ=b a. The data is taken from the measurement of 252Cf
(sf).
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angle obtained from the two methods are plotted against each
other.6. Measurement of PFN angular distributions
As a proof of principle PFN angular distributions in the reaction
235U(n,f) measured using the detector described in this paper are
presented here. The experiment was performed at the GELINA
neutron time of ﬂight facility of the JRC-IRMM. The presented
results are summed over ﬁssions induced by neutrons in the en-
ergy range between 0.3 eV and 60 keV, the mean incident neutron
energy inducing ﬁssion is 1.6 keV. The outgoing PFNs were de-
tected using several scintillation neutron detectors placed at dif-
ferent orientations around the ionization chamber. The detectors
were of three different types but all have similar characteristics in
terms of detection efﬁciency, pulse shape discrimination proper-
ties and timing resolution. Detector type and orientation relative
to the chamber are summarized in Table 1. Each detector has been
characterized using the PFNs from 252Cf(sf) following the proce-
dure in Ref. [12]. The light output functions resulting from this
procedure were used as input to calculate the detection efﬁciencyTable 1.
Summary of the neutron detector array used to measure the PFN angular distribution
equivalent liquid scintillator, while the p-therphenyl and the stilbene are organic crysta
individual detector is denoted by d. The detector orientation axis is given by unit vec
convenience the corresponding polar θd and azimuthal ϕd angles are also given. The last
detector axis calculated based on the individual resolutions in θ, x¯ and y¯.
No. Type Size (in) d (cm) Orien
0 p-Therphenyl 3 58.1 (0.3
1 EJ-301 4 56.7 (0.3
2 EJ-301 4 57.3 (0.3
3 EJ-301 5 58.8 (0.6
4 EJ-301 5 58.6 (0.0
5 Stilbene 3 58.4 (0.137
6 p-Therphenyl 3 58.3 (0.1
7 p-Therphenyl 3 58.0 (0.6
8 p-Therphenyl 3 45.0 (0.000
9 EJ-301 4 59.9 (0.3
10 EJ-301 5 60.6 (0.0
11 EJ-301 5 58.4 (0.6as a function of neutron energy with Geant4 [13]. Multiple scat-
tering corrections were also calculated using the same code. In all
detectors a 0.5 MeV neutron energy threshold is applied.
The PFN angle of emission relative to the ﬁssion axis in the
laboratory frame ϑL is given by
ϑ =
→
·
→
|
→
| ( )
d f
d
cos ,
14
L
where
→
d is a vector pointing from the ﬁssion event origin on the
target plane to the center of the neutron detector and
θ ϕ θ ϕ θ
→
= ( ) ( )f sin cos , sin sin , cos 15
is a unit vector in the direction of the ﬁssion axis as given by Eqs.
(8) and (13). By convention this vector points in the direction of
the light ﬁssion fragment. Due to energy loss and straggling in the
target layer, light and heavy ﬁssion fragments cannot be separated
for large values of θ and a cut-off must be introduced. For separ-
ating the ﬁssion fragments in a light and heavy group the cut-off
angle was set at θ ≥cos 0.3. To obtain fragment mass resolved
angular distributions the cut-off angle would need to be further
reduced. The selection causes a ﬁssion fragment efﬁciency that
varies with ϑL for each detector axis. The ﬁssion fragment efﬁ-
ciency is determined by counting the number of ﬁssion events as a
function of ϑcos L (regardless of whether a neutron is detected in
coincidence or not), the result is plotted in Fig. 12. Note that in the
conﬁguration where the neutron detector axis (nearly) coincide
with the ionization chamber axis the cut-off causes blind spots in
the detection efﬁciency, where the PFN angular distribution can-
not be determined. For larger angles between the neutron detector
axis and the chamber axis the PFN angular distribution can be
determined in the full range ( )ϑ ∈ ° °0 , 180 . In Fig. 13 the PFN
angular distribution for the different detectors are compared, the
full line represents the result obtained by adding all the detectors
together. The good agreement between the different detectors is a
proof that the ﬁssion axis orientation in space is determined cor-
rectly by the ionization chamber. The result when adding the
different detectors together is compared to data from Refs. [14,15]
in Fig. 14. The present results show a slightly smaller anisotropy of
the angular distribution than the data of Vorobyev et al., but are in
excellent agreement with the data of Skarsvåg and Bergheim. A
correction for the angular resolution for the present study has
been calculated based on the Gold algorithm [16] for deconvolu-
tion. The calculated correction is smaller than the statistical un-
certainties and was therefore not applied. A further effect thatin 235U(n,f). Three different types of detectors were used; the EJ-301 is an NE-213
l scintillators. The distance from the center of the 235U target to the center of the
tors in the coordinate system of the ionization chamber, as deﬁned in Fig. 6. For
column gives the average resolution in the angle between the ﬁssion axis and the
tation ( )x y z, , θd (deg) ϕd (deg) σ (ϑ )L (deg)
99, 0.000, 0.917) 24 180 3
26, 0.577, 0.749) 42 120 3
82, 0.289, 0.878) 29 143 3
54, 0.327, 0.682) 47 153 3
55, 0.326, 0.944) 19 100 2
, 0.000, 0.991) 8 0 2
07, 0.000, 0.994) 6 180 2
67, 0.000, 0.745) 42 180 3
, 0.000,1.000) 180 0 2
73,-0.353, 0.858) 31 223 3
48,-0.332, 0.942) 20 261 2
61,-0.339, 0.670) 48 207 3
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Fig. 12. Fission fragment counting efﬁciency as a function of the ﬁssion axis angle
with the individual detector axes given in Table 1. The curves are drawn in con-
secutive order, with detector 0 at the bottom and detector 11 at the top. Each curve
is displaced by unity with respect to the former detector number, the dashed lines
indicate zero counting efﬁciency for each curve.
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Fig. 13. Comparison of the PFN angular distribution determined with the individual
detectors. The results are drawn in consecutive order, with detector 0 at the bottom
and detector 11 at the top (cf. Table 1 for detector numbering). Each result is dis-
placed by 0.4 units with respect to the former detector number. The full lines re-
peats the result from adding all detectors together.
 (deg)L
0 20 40 60 80 100 120 140 160 180
) L
W
(
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
this study (0.3 eV - 60keV)
Vorobyev (thermal)
g (thermal)åSkarsv
Fig. 14. The PFN angular distribution in the reaction 235U(n,f) obtained in this
study, with incident neutrons in the energy range 0.3 eV–60 keV, compared to
results from Refs. [14,15] for the same reaction, but induced by thermal neutrons.
The lines are cubic spline interpolations drawn to guide the eye. The distributions
in this ﬁgure are normalized to yield the same integral.
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neutrons on surrounding materials into the detectors, this effect
was not mentioned in either of Refs. [14,15]. The effect is more
important for outgoing neutrons of low energy. The quantiﬁcation
of the scattering contribution is under investigation by means of
detailed Monte-Carlo calculations, no correction for this effect has
been applied in the data presented here.7. Conclusion
The twin FGIC used extensively to study ﬁssion fragment
characteristics via the double kinetic energy technique has been
made position sensitive in three space coordinates by replacing
the electron collector plate by a position-sensitive readout struc-
ture. No signiﬁcant deterioration of the energy resolution of the
twin FGIC was found with the modiﬁcation. Hence the detector
can be used to study mass and energy distributions of ﬁssion
fragments with high precision. The position sensitivity allows the
determination of the ﬁssion axis orientation relative to an arbi-
trary axis in space with a resolution better than 7° FWHM. Results
on PFN angular distributions in the reaction 235U(n,f) using 12
different detectors placed around the ionization chamber validate
this.References
[1] C. Budtz-Jørgensen, H.-H. Knitter, Nucl. Phys. A 490 (1988) 307–328.
[2] A. Göök, F.-J. Hambsch, M. Vidali, Phys. Rev. C 90 (2014) 064611, http://dx.doi.
org/10.1103/PhysRevC.90.064611.
[3] C. Budtz-Jørgensen, H.-H. Knitter, C. Straede, F.-J. Hambsch, R. Vogt, Nucl. In-
strum. Methods Phys. Res. A 258 (1987) 209–220.
[4] R. Bevilacqua, A. Göök, F.-J. Hambsch, N. Jovančević, M. Vidali, Nucl. In-
strum. Methods Phys. Res. A 770 (2015) 64–67, http://dx.doi.org/10.1016/j.
nima.2014.10.003.
[5] A. Pullia, W. Müller, C. Boiano, R. Bassini, IEEE Trans. Nucl. Sci. NS-49 II (6)
(2002) 3269–3277, http://dx.doi.org/10.1109/TNS.2002.805521.
[6] A. Göök, M. Chernykh, J. Enders, A. Oberstedt, S. Oberstedt, Nucl. In-
strum. Methods Phys. Res. A 621 (2010) 401.
[7] A. Göpfert, F.-J. Hambsch, H. Bax, Nucl. Instrum. Methods Phys. Res. A 441
(2000) 438–451, http://dx.doi.org/10.1016/S0168–9002(99)00952–3.
[8] F.-J. Hambsch, J. Van Aarle, R. Vogt, Nucl. Instrum. Methods Phys. Res. A 361
(1995) 257–262.
[9] F.-J. Hambsch, S. Oberstedt, Nucl. Phys. A 617 (1997) 347.
[10] A. Al-Adili, F.-J. Hambsch, S. Oberstedt, S. Pomp, S. Zeynalov, Nucl. In-
strum. Methods Phys. Res. A 624 (3) (2010) 684–690, http://dx.doi.org/
10.1016/j.nima.2010.09.126.
[11] A. Göök, Master's thesis, Örebro universitet (2008). [link] URL 〈http://urn.kb.
A. Göök et al. / Nuclear Instruments and Methods in Physics Research A 830 (2016) 366–374374se/resolve?urn¼urn:nbn:se:oru:diva-4791〉.
[12] N. Kornilov, I. Fabry, S. Oberstedt, F.-J. Hambsch, Nucl. Instr. and Meth. A 599
(2009) 226, http://dx.doi.org/10.1016/j.nima.2008.10.032.
[13] S. Agostinelli, et al., Nucl. Instrum. Methods Phys. Res. A 506 (3) (2003)
250–303, http://dx.doi.org/10.1016/S0168–9002(03)01368–8.[14] A. Vorobyev, O. Shcherbakov, Y. Pleva, A. Gagarski, G. Val'ski, G. Petrov,
V. Petrova, T. Zavarukhina, Nucl. Instrum. Methods Phys. Res. A 598 (2009)
795–801, http://dx.doi.org/10.1016/j.nima.2008.10.017.
[15] K. Skarsvåg, K. Bergheim, Nucl. Phys. 45 (1963) 72.
[16] R. Gold, AEC Research and Development Report ANL-6984, 1964.
